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ABSTRACT 
The molecular background of flower development has been intensively studied within core eudicots, 
and several studies have confirmed the extended ABC model as the molecular background of flower 
development in this plant group. The core eudicots are characterized as having one copy of each of 
the B-class genes and at least two copies of A-class genes: one is expressed in floral meristems, the 
other in inflorescence meristems. In monocots and non-core eudicots the validity of the ABC model 
is under discussion. Generally, more than one functional copy is found of at least one of the B-class 
genes. The A-class genes apparently are expressed in meristems of both flower and inflorescence. 
Morphologically petaloid stamens and styles are well known within the petaloid monocots, whereas 
the phenomenon is rare in core eudicots. A simple model based on the extra copies of B-class genes 
can explain the molecular background of petaloid stamens in the monocots; the only requirement is 
that two copies of the same gene have different expression patterns and are responsible for develop-
ment of petals and stamens, respectively. The formation of petaloid styles can be explained in the 
same way, but this hypothesis requires that A- and C-class gene expression is not mutually exclusive 
in monocots. The difference in expression of the A-class genes outside the floral organs shows a 
fundamental difference between monocot and core eudicot flowers. 
Key words: ABC model, A-class genes, B-class genes, homeotic mutants, MADS-box genes, monocot 
flower. 
INTRODUCTION 
The molecular background of flower development has 
been studied intensively, especially in core eudicots (for re-
views see Theissen and Saedler 1999; Theissen et al. 2000; 
Johansen et al. 2002; Becker and Theissen 2003) and the 
ABC model has become generally accepted. Despite recent 
modifications (Colombo et al. 1995; Becker et al. 2000; Pe-
laz et al. 2001) the model still appears too simple; this is 
clearly indicated by an overview of published expression 
patterns (Johansen et al. 2002) and studies in non-core eu-
dicots (Kramer and Irish 2000; Kramer et al. 2003). Infor-
mation from non-core eudicots and monocots also indicates 
that the B-class genes at least show some unexpected ex-
pression patterns (Kramer and Irish 1999, 2000; Hsu and 
Yang 2002; Skipper 2002; Kramer et al. 2003). Nevertheless, 
in spite of sparse information, the ABC model generally has 
been accepted to explain floral development in monocots 
(e.g., Kang et al. 1998; Ambrose et al. 2000). 
Within monocots, MADS-box genes have been predomi-
nantly studied in grasses (Chung et al. 1995; Kang et al. 
1995; Mena et al. 1995; Theissen et al. 1995; Greco et al. 
1997; Lopez-Dee et al. 1999; Moon et a!. 1999; Ambrose et 
al. 2000; Heuer et al. 2000, 2001; Kyozuka et al. 2000; Pra-
sad et al. 2001 ), but the homology of the different whorls 
of the very reduced grass flower are still under discussion. 
Thus, studies in petaloid monocots should give a better idea 
of the molecular evolution of monocot flowers, as the ho-
mologies of the different whorls are unquestionable, even in 
the highly specialized orchid flower. Unfortunately, MADS-
box gene expression has been studied in very few petaloid 
monocots (Caporali et al. 2000; Kramer and Irish 2000; 
Tzeng and Yang 2001; Li et al. 2002; Kanno et al. 2003), 
including a few orchids (Lu et al. 1993; Yu and Goh 2000; 
Hsu and Yang 2002; Johansen and Frederiksen 2002; Yu et 
al. 2002). Orchids could be suitable objects for studying both 
general expression of the A-, B-, and C-class genes, and the 
SEPALLATA genes as well as for studying the influence of 
these genes on the development of specialized structures 
such as gynostemium, stigma, viscidium, and pollinium stalk 
(Johansen and Frederiksen 2002). 
Petaloid monocots are characterized by having two whorls 
of tepals (sepals and petals) that are petal-like. However, the 
two whorls are often quite different from each other as in 
Galanthus L. or Iris L. In Ranunculaceae, where two pet-
aloid whorls are common, expression of B-class genes is 
observed in the sepals, indicating that petaloid sepals could 
be the result of influence from the B-class genes (Kramer et 
al. 2003), and northern hybridization has shown B-class 
genes to be expressed in both sepals and petals in Tulipa L. 
(Kanno et al. 2003). If the molecular background for flower 
development in the petaloid monocots is similar to that 
found in Ranunculaceae we may assume that A- and B-class 
genes, as well as SEPALLATA genes, are expressed in both 
sepals and petals. 
Core eudicots seem to be fixed in only having one copy 
of each B-class genes, PJSTJLLATA (PI) and APETALA3 
(AP3), whereas non-core eudicots such as Ranunculaceae, as 
well as magnoliids and monocots, have more copies of these 
genes (Kramer et al. 1998, 2003; Kramer and Irish 1999, 
2000; Kanno et al. 2003). Some of these extra copies may 
merely be redundant genes, but in several cases these extra 
copies may have a function that could explain some of the 
variation in floral morphology observed in monocots, mag-
noliids, and non-core eudicots. Extra copies of B-class genes 
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may also be responsible for the variation observed in some 
core eudicots. 
Furthermore, it has been shown that duplication in the A-
class lineage has occurred in the core eudicots, leading to 
two different lines: the AP 1 lineage with an altered C-ter-
minal (Johansen et al. 2002; Litt and Irish 2003) and the 
FRUITFULL lineage possessing a plesiomorphic C-terminal. 
The two lineages appear to have different transcription pat-
terns in the core eudicots; AP 1 genes are transcribed in floral 
meristems, whereas FRUITFULL genes are mainly tran-
scribed in inflorescence meristems (Johansen et al. 2002; Litt 
and Irish 2003). 
The key question is: do the flowers in monocots, mag-
noliids, and non-core eudicots develop according to the ABC 
model? 
To answer this question four different approaches may be 
used: observations of naturally occurring homeotic mutants, 
phylogenetic-based comparisons among sequences of 
MADS-box genes from different species throughout the an-
giosperms, studies of MADS-box genes transcription pat-
terns, and studies of transgenic mutants. The last approach 
is not addressed here, as it is difficult to produce transgenic 
monocots, and as the generation time in our main study 
group, the orchids, is often long. 
MATERIALS AND METHODS 
Apart from MADS-box genes observed in Cleisostoma 
racemiferum (Lindl.) Garay, MADS-box genes referred to 
are all published in GenBank. A phylogeny of MIKC genes 
and a phylogeny-based transcription analysis were published 
by Johansen et al. (2002) and a more detailed phylogenetic 
analysis of A-class, including FRUITFULL, by Litt and Irish 
(2003). In situ RT-PCR on CracOMI was performed ac-
cording to the methods of Johansen (1997) and Skipper 
(2002). 
RESULTS 
Homeotic Mutants 
Although the petals m many angiosperm groups are 
thought to have evolved from stamens (Albert et al. 1998), 
spontaneous homeotic mutants showing petaloid functional 
stamens (pollen producing) are uncommon among dicots; tbe 
phenomenon is more frequently found in Ranunculaceae, 
Rosaceae, and Caryophyllales. The molecular background of 
homeosis has only been studied in Ranunculaceae, where the 
boundary between petals and anthers seems rather blurred 
(Kramer et al. 1998, 2003; Kramer and Irish 1999, 2000; 
Skipper 2002). 
In monocots functional petaloid stamens are common 
among cultivated "plena-like" varieties and are found in 
Amaryllidaceae, Colchicaceae, Hemerocallidaceae, Hyacin-
thaceae, and Liliaceae (Fig. 1, 3). Some families are even 
characterized by having such functional petaloid stamens 
(Cannaceae, Marantaceae), and in Alliaceae, Hyacinthaceae, 
and Stemonaceae, many species have leaf-like filaments and/ 
or connectives. 
Transformation of styles to more or less petal-like organs 
is, to our knowledge, unknown, at least in core eudicots, 
whereas it is common in the monocots. Petaloid styles occur 
in Cannaceae, Iridaceae, and Marantaceae (Fig. 2), but they 
are also known from several cultivated varieties of, for ex-
ample, Tulipa and Hippeastrum Herb. At the apex of these 
petaloid styles normal stigmas can be identified (Fig. 3). 
In the zygomorphic flowers of orchids the sepals and pet-
als are often morphologically identical but differ from the 
labellum. However, in some orchids sepals and petals differ 
strongly (e.g., Bulbophyllinae, Cypripedioideae, Pleurothal-
lidinae). 
In orchids spontaneous homeotic mutants (termed peloria 
or pseudopeloria) are well known, showing transformation 
of different parts of the flower. See Bateman and Rudall 
(2006) for a complete overview of different types of peloria. 
Perhaps the best known of these peloric orchids is Cattleya 
intermedia Hook. f. var. aquinii Barb. Rodr., a naturally oc-
curring homeotic mutant where the two lateral petals are 
transformed into labellum-like organs (Type A of Bateman 
and Rudall 2002), but peloric orchids are also known from 
Cypripedioideae (e.g., Paphiopedilum Pfitzer), Orchidoideae 
(e.g., Ophrys L., Orchis L., Platanthera Rich.), and apart 
from Cattleya Lindl. several other genera in Epidendroideae 
(e.g., Cymbidium Sw., Oncidium Sw., Phalaenopsis Blume, 
Zygopetalum Hook.). Instead of having the petals trans-
formed into labellum-like organs some of these peloric in-
dividuals have the labellum transformed into a petal (Type 
B or C in Bateman and Rudall 2002). This is a common 
homeotic mutation in Arundina graminifolia Hochr. in Ma-
laysia (Johansen 2001; pers. obs.). In Ophrys (Fig. 4) the 
sepals are large and often green, the two petals are usually 
much smaller and often colored, while the labellum is es-
pecially conspicuous. Homeotic mutants have shown that 
petals and labellum can be transformed into sepals or petals 
can be transformed into labellum-like organs (Rudall and 
Bateman 2002, 2003). Complete transformation of sepals 
into labellum-like organs has not been reported (Rudall and 
Bateman 2002; Bateman and Rudall 2006). Thus, sponta-
neous mutants involve petals in preference to sepals. 
Comparison of MADS-Box Genes 
MADS-box genes code for DNA-binding proteins that 
regulate transcription of other genes. The MADS-box genes 
of interest here belong to the so-called MIKC genes, which 
include four different more or less conserved regions (Al-
varez-Buylla et al. 2000). The DNA-binding region, the 
MADS-box, is strongly conserved, the !-region is only partly 
conserved and is supposed to take part in the dimerization, 
as is the rather conserved K-box. In contrast, the last part, 
the C-terminal, is quite variable except for a few highly con-
served parts that are believed to be important in connection 
with formation of multicomponents (Riechmann et al. 
1996a, b; Kramer et al. 1998, 2003; Egea-Cortines et al. 
1999; Johansen et al. 2002; Becker and Theissen 2003; Mes-
senguy and Dubois 2003). Phylogenetic analyses of MIKC 
genes indicate that A-, B-, and C-class MADS-box genes 
constitute monophyletic groups (Fig. 5) and the conserved 
amino acid sequences of the C-terminal are identical or near-
ly identical within each group (Johansen et al. 2002; Kramer 
et al. 2003). 
Here we will focus on the A- and B-class genes, which 
according to the ABC model are responsible for flower mer-
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Fig. 1-4.-Details of different parts of flowers of selected petaloid monocots.-1. Part of petaloid, functional stamen from a cultivated 
" plena-like" Tulipa.-2. PetaJoid style and one of the sepals from a " normal " lris.-3 . Flower of cultivated " plena-like" Hippeastrwn 
with stamen and styles transformed to petaloid organs.-4. " Normal" flower of Ophrys demonstrating differences between sepals and 
petals. (L = labellum; P = petal; PSt = petaloid stamen; PSy = petaJoid style; S = sepal; Stg = stigma.) 
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Fig. 5.-Summary of the different MIKC genes. Gene families of 
interest here are in boldface. After Johansen et al. 2002. 
istem identity and development of sepals, petals, and sta-
mens. 
Phylogenetic analyses of A-class genes (including FRUIT-
FULL) show several more or less well-defined clades (Fig. 
6; Johansen et al. 2002; Litt and Irish 2003). One of the 
main duplication events has occurred in the core eudicots 
where one of the copies-the euSQUAMOSA genes ( = 
euAPJ or APJ)-shows a unique conserved C-terminal (Jo-
hansen et al. 2002; Litt and Irish 2003). The remaining A-
class genes, including all monocot genes, possess the ple-
siomorphic SQUAMOSA motif (the AGL8 or FUL motif), 
this resembles the motif found in SEPALLATA genes, the 
sister group to the A-class genes (Fig. 6). Although few 
monocot genes are included in the analysis, it appears that 
two monocot clades exist (Fig. 6; Johansen et al. 2002; Litt 
and Irish 2003), indicating that all monocots most probably 
possess at least two different copies. 
Within the B-class genes it has been demonstrated that a 
duplication event in the angiosperm ancestor resulted in two 
paralog lineages of B-class genes, the APETALA3 (DEFI-
CIENS) lineage and the PISTILLATA (GLOBOSA) lineage 
(Kramer et al. 1998; Sundstrom et al. 1999; Kramer and Irish 
2000). Core eudicots generally have only one copy of each 
of these genes, but in Malus Mill. (Rosaceae) at least two 
copies of each are found in GenBank. Intensive studies in 
the non-core eudicot family Ranunculaceae have shown 
more than one copy of B-class genes to exist, and experi-
ments indicate that all copies play an important role, at least 
in the development of "normal" petals (Kramer et al. 2003). 
Recently, several copies of PI and/or AP3 have been found 
in several members of Laurales, Magnoliales, and Piperales 
(Stellari et al. 2004 ). 
More than one copy of one or both B-class genes is 
Core 
eudicots 
non-Core 
eudicots 
magnoliids 
monocots 
Outgroup 
SEPALLATA 
euSQUAMOSA motif: 
AP 1 motif .. VYNCNLGCFAA 
plesiomorphic SQUAMOSA motif: 
AGL8 motif .. LPAWMLRTPTTNE 
Non-core eudicot 
Magnoliids motif 
Monocots 2 motif 
Monocots 1 motif 
Outgroup motif 
SEPALLATA motif 
.. MPPWMLSHLR 
.. MPPWMLRHVNE 
.. LPPWMLSHING 
.. LPPWMLRTSHT 
. . MPPWLP 
Fig. 6.-Summary of a phylogenetic analysis of A-class genes. 
Different C-terminal motifs are shown below (* = a duplication 
event within the core eudicots). After Litt and Irish (2003). 
known from several monocots, including Lilium L., Tulipa, 
Hyacinthus L., orchids, and grasses. In Lilium two copies of 
PI (LRGLOA, LRGLOB), but only one of AP3 (LRDEF) are 
known (Tzeng et al. 2001). In Tulipa one PI (TGGLO) and 
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eu AP3 motif: 
AmDEF 
AtAP3 
SIM3 
paleo AP3 motif: 
OsMADS16 
ZmSILKY 
LIMADS1 
CracAP3-1 
LIMADS1 
CracAP3-1 
OgrOMADS3 
CracAP3-2 
PISTILLATA 
.DLTTFALLE 
.DIITFHLLE 
.CVTTYALL 
.NHDLRLG 
.FHDLRLG 
.SHDLRLA 
.PHDLRLA 
Orchid derived AP3 motif 
Di-
cots 
Mono-
cots 
CracAP3-2 .. SFIAEDLSGIYDSSISMANQR .. 
0gr0MADS3 .. SFIAEDLSGVYNSAISMANQR 
Fig. 7.-Summary of a phylogenetic analysis of the B-class gene 
AP3. Different C-terminal motifs are shown below. After Johansen 
et al. 2002. 
two AP3 (TGDEFA, TGDEFB) genes are known (Kanno et 
al. 2003), but additional as yet unknown PI and AP3 genes 
may be present. In Hyacinthus two PI (HP/l, HPI2) copies 
have been isolated. In orchids we have isolated PI from 40 
species, covering all five subfamilies, and in all species we 
have found only one copy of PI. However, exceptions exist 
in subfamily Epidendroideae. In Dendrobium Sw. we have 
found three different copies of AP3 and in Cleisostoma 
Blume at least four different AP3 paralogs exists (Johansen, 
Skipper, and Frederiksen unpubl. data). One of the AP3 
genes in Cleisostoma is very similar to the OMADS3 gene 
(OgrOMADS3) isolated from an Oncidium hybrid (Hsu and 
Yang 2002; Fig. 7). As in the OMADS3 gene the typical 
paleo AP3 C-terminal motif (Kramer et al. 1998; Kramer 
and Irish 2000) is lacking in the ortholog from Cleisostoma, 
but both these genes share another unique 21 amino acid 
conserved motif in the C-terminal (SFIAEDLSGVYNSAIS-
MANQR). 
Transcription Studies 
Transcription studies are performed in order to visualize 
where genes are active in the tissue. Transcription studies 
can be performed as Northern blotting, in situ hybridization, 
in situ RT-PCR, or real-time RT-PCR studies. Northern blot-
ting and real-time RT-PCR does not offer the opportunity to 
localize a signal in specific cells. In situ hybridization is not 
very sensitive and it may be impossible to design probes 
that do not cross-hybridize to closely related genes. In situ 
RT-PCR is sensitive but difficult to perform. However, it is 
the only technique that is able to localize expression at the 
cell level and discriminate between closely related genes. 
Based on in situ hybridization it was found that DOMADSI 
(a SEP3 ortholog) in Dendrobium was transcribed in the 
apical meristem of the inflorescence (Yu and Goh 2000). Our 
studies of the SEP3 ortholog in Cleisostoma racemiferum 
(CracOMJ) by in situ RT-PCR clearly demonstrated that 
CracOMl is not expressed in the apical meristematic tissue 
itself, but in the tissue immediately behind it (Fig. 8, 9). 
Thus, conclusions based on expression patterns cannot al-
ways be trusted. Furthermore, the presence of specific 
mRNA in a given tissue does not necessarily mean that the 
protein is present in the tissue, too. 
A survey of known expression patterns of A-class genes 
shows that genes with the AP 1 motif ( = euSQUAMOSA mo-
tif; Fig. 6) are expressed in the flower meristem, but not in 
the apical meristem of the inflorescence, whereas paralogs, 
such as AGL8 (referred to as euFUL by Litt and Irish 2003) 
apparently are expressed in the apical meristem of the inflo-
rescence. In non-core eudicots, magnoliids, and monocots, 
only genes possessing a plesiomorphic SQUAMOSA motif 
(Fig. 6) are known and they are expressed in flowers, inflo-
rescences, and apical meristems (Johansen et al. 2002). 
However, in situ studies on A-class gene expression are al-
most lacking in the monocots, and we do not know whether 
genes belonging to the different clades of A-class genes in 
the monocots actually have contrasting expression patterns. 
DISCUSSION AND CONCLUSIONS 
The contrast in types of homeotic mutants found in mono-
cots and core eudicots are most likely caused by expression 
of different (paralog) MADS-box genes or by different ex-
pression patterns of ortholog genes. Some of the differences 
are easily explained by the numerous copies of B-class genes 
found in monocots; flowers with similar sepals and petals 
develop if the same set of B-class genes is expressed in both 
whorls (Fig. 10). Differences between sepals and petals 
could emerge if expression of different paralogs from the 
same group of B-class genes occurs in the two whorls (Fig. 
11). Furthermore, the apparently corresponding feature of 
producing petaloid, but functional stamens could be ex-
plained by the extra copies of B-class genes. If one of these 
copies is responsible for development of the petaloid organs 
and another copy is responsible for stamen development, a 
shift in expression from one copy to the other between the 
petal and stamina] whorls results in normal flowers (Fig. 10, 
11), whereas expression of both copies in the stamina! 
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Fig. 8-9.- Express ion studies of CracOMI , a SEPJ ortholog, on 
a longitudinal section of a young inflorescence of Cleisostoma ra-
cemiferum, made by in situ PCR.-8. Negative control.-9. Positi ve. 
CracOMJ is not expressed in the apical meri stem of the inflo res-
cence. 
10 
AP3-1 AP3-2 
PI 
A c 
Se Pe St Ca 
11 
AP3-1 I AP3-2 
PI 
A c 
Se Pe St Ca 
12 
AP3-2 
AP3-1 
PI 
A c 
Se Pe St Ca 
Fig. 10-12.-Hypothetical ABC models for gene expression 
within plants possess ing extra copies of APJ. APJ-1 and APJ-2 are 
believed to be responsible fo r development of different organs in 
combination with PI, A-, and C-class genes.-10. Monocot with 
epals and petals al ike, stamens normal.- 11. Monocot with sepals 
and petals di fferent, stamens normal.- 12. Monocot with sepals and 
petals a like, stamens peta lo id. (Se = sepals; Pe = petals; St = sta-
mens; Ca = carpels.) 
whorls results in petaloid anthers (Fig . 12). This model re-
quires that two copies of either PI or AP3 are present and 
that the copies show different expression patterns. Appar-
ently this is not the case in Tulipa gesneriana L., where the 
two copies of AP3 are expressed in aU three whorls (Karmo 
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et al. 2003). However, as the probes used clearly cross-hy-
bridized between the two AP3 genes this study does not 
contradict the model; one of the genes may actually be ex-
pressed in both sepals and petals and the other gene only in 
the stamens. The hypothesis is further strengthened by the 
observations of Lamb and Irish (2003) that AP3 from Di-
centra eximia (Ker Gawl.) Torr. was unable to support petal 
development in transgenic Arabidopsis Heynh., whereas sta-
men development was supported, showing that a given AP3 
copy may only function within a single whorl. This hypoth-
esis could also explain how the reversed order of stamens 
and carpels observed in Lacandonia E. Martfnez S. & Ra-
mos (Triuridales; Martfnez and Ramos 1989) could emerge. 
The classical ABC-model must assume that B-class genes 
are turned on in the first two whorls, then off in the carpels 
and on again in the stamens. In the model presented here 
delayed expression of one ore more stamen-specific B-class 
genes could explain the altered order of stamens and carpels. 
At present the ABC-model is unable to adequately explain 
the molecular background of the formation of petaloid styles 
within the monocots. The presence of petaloid styles and 
homeotic mutants in several families indicates that the char-
acter probably is governed by one or very few mutations. 
One of the basic features of the ABC model is the cadasteral 
activity of A- and C-class genes-if one is expressed the 
other is not (Mizukami and Ma 1992; Irish and Kramer 
1998). If petaloid styles are produced as a result of A- and 
B-class gene expression, expression of A-, B-, and C-class 
genes may be expected in the carpel whorl, as the petaloid 
styles are the apical part of otherwise normal carpels. How-
ever, the cadasteral activity of A- and C-class genes has only 
been demonstrated between euSQUAMOSA (AP 1) genes and 
C-class (AG) genes (Mizukami and Ma 1992; Irish and Kra-
mer 1998). Apparently, the plesiomorphic type of A-class 
genes found in non-core eudicots, magnoliids, and monocots 
can be expressed simultaneously with C-class genes. 
It is interesting that in monocot flowers with different se-
pals and petals, such as Ophrys and Iris, the sepals are never 
transformed into petals whereas petals may be transformed 
into sepals (Rudall and Bateman 2002; Bateman and Rudall 
2006); thus, a molecular "developmental limit" is hypoth-
esized to exist between sepals and petals. In contrast, both 
types of mutants are known in Arabidopsis, where simple 
ectopic expression of AP3/Pl in the first whorl leads to pet-
als, whereas knockout of B-class genes results in two whorls 
of sepals (Krizek and Meyerowitz 1996). 
The duplication in the A-class gene of the core eudicots 
(Johansen et al. 2002; Litt and Irish 2003) resulted in func-
tional specialization of the two paralogs, one gene (from the 
AP 1 clade) controlling the flower meristem and another 
(from the AGL8 clade) controlling the inflorescence meri-
stem. A-class gene transcription patterns have not been stud-
ied in detail among petaloid monocots, but as two distinct 
clades occur (Fig. 6), it seems likely that one gene is re-
sponsible for inflorescence meristem identity and the other 
for flower meristem identity, as in the core eudicots. If so, 
all organs that are under the influence of the A-class genes 
are non-homologous in monocots and core eudicots, and 
hence the monocot flower as a whole is non-homologous 
with the core eudicot flowers on which the ABC model was 
based. 
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